In this study, the effectiveness of selecting a suitable analysis frequency range in impact force identification is highlighted. A methodology that utilizesOperating Deflection Shape (ODS) analysis, Modal Analysis (MA) and Modal Transformation Method (MTM) to evaluate the dynamic force in three cases of analysis frequency ranges was presented. These three cases are the overestimated, even-estimated, and under-estimated cases, which consist of higher, similar andlower analysis frequency range respectively, compared to the actual excitation frequency range. The performance of this approach was demonstrated via experiment. A Perspex plate with four ground supports was used as the automobile test rig. By measuring the acceleration response and Frequency Response Function (FRF) of the test rig, the time history of unknown force was recovered by the proposed method where the impact location was known in advance. It showed that the force identification result for even-estimated case falls within acceptable range while the force identification result for over-estimated and under-estimated cases isnot acceptable.
Introduction
Bump-excited impact force is one of the most common cases, which causes damage to vehicle and reduces the quality of the ride in frequency range of 20 Hz to 100 Hz [1] . In the case of bumpexcited impact force, direct measurement by using force transducer is not possible due to some difficulties in force sensor configuration. Besides that, installation of a force sensor at the structure's junction, link or support is not feasible because it may alter the boundary condition and dynamic characteristics [2] . Therefore, impact force identificationhas become one of the key issuesin structural design [3] .
The information of impact force such as excitation frequency range, impact duration, magnitude, location and line of action isthe important database for accurate Computer-Aided Engineering (CAE) simulations. For example, it can be used for trouble-shooting purpose and design improvement analysis for noise and vibration [4] . Besides, the force information reflects the structure's health so that action such as structural modification can be taken before material fatigue.
One difficulty faced in impact force identification would be the useful analysis frequency range used to reconstruct the unknown force [5] . The current study initiates an effort to examine the effectiveness of various types of analysis frequency ranges on the impact force identification via Modal Transformation Method (MTM). MTM was used in followed references [6, 7] . Assuming the excitation frequency range of impact force is known in advance, the analysis frequency range can be divided into three cases: over-estimated, even-estimated and under-estimated cases. They have analysis frequency ranges which aregreater than, equal to and less than the actual excitation frequency range respectively.
Materials and Methods
Equipment Set-Up. A rectangular shape test rig with 4 ground supports was simulated as vehicle's body and referred as automobile test rig. Fifteen accelerometers were attached on the test rig and numbered as shown in Fig. 1 . The rig was used to acquire the responses from 15 discrete locations simultaneously. A modally tuned impact hammer was used to record the time history of impact excitation and it is used for verification purpose. These input and output signals were connected to a laptop through a Data Acquisition (DAQ) system. Meanwhile, post-processing of the data was done using DASYLab ® , ME'scope ® andMATLAB ® software. Operating Deflection Shape (ODS). Time-based ODS is used because it is time efficient compared to frequency-based ODS. It helps to record the impact-induced vibrations from 15 accelerometers simultaneously by using a multi-channel DAQ system.
Modal Analysis (MA). Modal analysis is a technique used to determine the inherent dynamic characteristics of a structure which are comprehensively defined by 3 modal parameters (i.e. natural frequencies, mode shapes and damping). Once a single column raw Frequency Response Function (FRF) matrix is measured through FRF measurement [8] , these dynamics characteristics are obtained using curve fitting algorithm in ME'Scope ® software.
Modal Transformation Method (MTM). Given number of response, mode and force measurements are n, m and fz respectively, MTM is applied to synthesise the FRF using the 3 modal parameters as follows: 
is fz by 1 force vector. According to reference [6] , the force identification problem becomes well-posed once impact location is known in advance (i.e. impact location at point 1). Thus the Eq. 2 can be reduced to Eq. 3 as follows:
Impact Force Identification Using Various Types of Analysis Frequency Ranges. In this study, a single unknown impact force acting at point 1 on the test rig was estimated from 15 accelerometers. The excitation frequency range of impact force is known in advance (i.e. 0.5-500.0Hz). The analysis frequency ranges of ω are selected so that the force identification method canbe examined in three cases: over-estimated (i.e. 0.5-999.5 Hz), even-estimated (i.e. 0.5-500.0 Hz) and under-estimated cases (0.5-100.1 Hz). Note that the data outside the analysis frequency range is eliminated by setting it to zero and this approach is known as data filtering.
Results and Discussions
The identified force due to impact at point 1 for over-estimated, even-estimated and underestimated cases are compared with the measured force in time domain as shown in Fig. 2 . It was found that the identified force for over-estimated case and under-estimated case did not match the measured force in time domain. The identified force matched the measured force very well for even-estimated case. A lot of large oscillating components were found in over-estimated case compared to the other cases.The correlation coeficient between the measured and identified forces are 0.74, 0.91 and 0.67 for over-estimated, even-estimated and under-estimated cases respectively. Note that correlation coefficient higher than 0.9 indicates a good force identification result and viceversa. Hence, force identification result for even-estimated case falls within acceptable range while the force identification result for over-estimated and under-estimated cases is not acceptable. The identified force due to impact at point 1 for over-estimated, even-estimated and underestimated cases are compared with the measured force in frequency domain as shown in Fig. 3 . Fig. 3(a) shows that the over-estimated case included a significant amount of noise contamination in high frequency region into theforce identification. Therefore, this contributes an inaccurate force identification result. Fig. 3(b) shows that the force identification includedall theexcitation frequency region with negligible noise in high frequency region for even-estimated case. Hence, the force identification result is accurate in this case. It is worthwhile to mention that the accuracy of force identification in even-estimated case primarily depends on the accuracy of curve fitting result as discussed in reference [6] . In this case, the correlation between the measured FRF and synthesised FRF is only 0.43 for a frequency range of 0.5-500.0 Hz while the ideal correlation is above 0.9. So there is still room for improvement by enhancing the curve fitting algorithm. Fig. 3(c) shows that a
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Automotive Engineering and Mobility Research significant amount of excitation frequency region was not included into the force identification for under-estimated case. In fact, unknown force which is identified through MTM is a summation of mode contribution distributing along the frequency region. Thereare mode truncation and signal distortion for under-estimated case, therefore the identified force is inaccurate and the magnitude is under-estimated. This explains why its amplitude is less than the amplitude of measured force as shown in Fig. 3(c) . In general, the analysis frequency range plays an important role in impact force identification. The analysis frequency range shall include the entireexcitation frequency region and exclude thenoise in high frequency region to ensure a reliable and robust force identification result. The current study is conducted for the case of known excitation frequency range. However, impact excitation frequency range is unknownin nature. Signal distortion or high noise contamination will occur if the cut-off frequency is too low or too high. Further research shall be conducted to estimate the analysis frequency range for the case of unknown excitation frequency range. 
Summary
In this study, impact force identification using MTM has been examined in three cases of analysis frequency ranges: over-estimated, even-estimated and under-estimated cases. Results show that even-estimated case which has analysis frequency range equal to the excitation frequency range of impact force has a satisfactory force identification result, while the results for the over-estimated and under-estimated cases are not acceptable. This showsthat a suitable analysis frequency range such as the even-estimated case plays an important role in enhancing the result of impact force identification. Further research must be able toextendthe current study to estimate the analysis frequency range of impact force for the case of unknown excitation frequency range.
